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The patterning of surfaces by lithography 1 techniques and µ-contact printing 2 has now reached the 50 nm regime, but the twodimensional (2D) spatial positioning of functional groups at 0.2-20 nm length scales is still a major challenge in nanotechnology and surface science. 3 A powerful approach is the decoration of interfaces with organic molecules that form regular 2D patterns by self-assembly, and recently this strategy has been exploited to organize discrete molecular features. 4 It remains however a challenge to design systems which combine flexibility in the implementation of chemical functionalities, size, and symmetry.
In proteins, exact positioning of functionality (in 3D) is achieved from linear sequences of monomers that adopt very specific folded conformations. 5 The observation that linear alkyl fragments featuring amide or urea groups form lamellar structures reminiscent of the -sheets found in nature upon adsorption at the solid-liquid interface of HOPG 6 prompted us to introduce a -turn mimic in these systems as a next logic step. A 2D turn mimic should obey the requirements that (i) the entire structure is flat, (ii) the alkyl groups are spaced by approximately 5.0 Å, that is the optimal distance for H-bonding, 7 and (iii) the amide moieties are kept in registry, with respect to position as well as orientation.
Here we report on the design of such a 2D turn mimic, which fulfills all the requirements. The general structure is depicted in Figure 1a . We envisage that connection of multiple units will render true minimal foldamers 8 , which, in principle, will give ultimate control over the position of integrated functionality in a 2D crystalline lattice.
The confinement in 2D space greatly reduces conformational degrees of freedom, which facilitates rational design by means of molecular modeling. 9 The catechol moiety ( Figure 1a) is flat, bifunctional, and derivatives are synthetically accessible; the orthosubstitution pattern endowes the structure with the necessary geometry for making turns. A systematic conformational search identified the conformation most likely to fold in a plane involving the formation of an intramolecular hydrogen bond (Figure 1b,c) . Modeling showed that folding is facilitated by a dissymmetry with respect to the spacers. Best results are obtained for combinations n ) m + 1 or n ) m + 3. The longer spacer is bending away from the catechol moiety. Comparison between a symmetric (1, n ) m ) 10, Figure 1b ) and a nonsymmetric (2, n ) m + 1; m ) 10, Figure 1c ) derivative shows that 1 adopts a twisted conformation when folding in the constrained environment defined by the graphite, while 2 can adopt the favorable all-trans conformation. This renders 2 the more likely candidate for our purposes because this conformation allows for efficient adsorption onto graphite, as the zigzag plane of both alkyl groups is almost parallel to the surface of graphite. This is also reflected in the energy differences between folded and extended conformations for these derivatives. The relative energy-difference for 2 is 4.7 kcal/mol larger than for 1, indicating a higher propensity to fold for the former. In both cases the folded conformation is more favorable then the extended one.
To test the predictions of our model, self-assembled monolayers at the liquid-HOPG interface were investigated by scanning tunneling microscopy (STM). STM images of the monolayers of these compounds are shown in Figure 2a ,d. The bright spots correspond to the catechol groups and the darker rods to the alkyl chains. The H-bonding sites, via the amide groups appear as bright spots in the middle of the alkyl chains in the monolayers of 1 and 2 (blue dotted lines). The apparent molecular lengths are in agreement with the models. The distance between adjacent alkyl chains was measured to be 0.47 ( 0.01 nm.
Compound 1 gives rise to head-to-head, tail-to-tail as well as head-to-tail lamella structures. On the basis of the line profile analysis as shown in Figure 2b , it indeed does not adopt a folded conformation in the plane of the graphite (one alkyl chain per catechol group): possibly only one alkyl chain is adsorbed on the † University of Groningen. ‡ University of Leuven (KULeuven). surface while the other one is pointing into the solution ( Figure  2c ). This may seem counterintuitive, but it has been observed previously. 10 The extended conformation was not observed. In contrast, the catechol groups appear more isolated in monolayers of 2 (Figure 2d ). Folded as well as unfolded conformations are observed in coexistence on the surface: both the alkyl chains of molecules i, iii, and iv (Figure 2e,f) are adsorbed on the surface, while one of the alkyl chains of molecule ii points into the solution (Figure 2e,f) . Since the amide groups are located in the middle of the aliphatic part of the molecule, there is no preference for the catechol groups to be aligned at the same side, as intermolecular hydrogen bonding is still possible.
To corroborate the initial results and test the n ) m + 3 case, derivative (3, n ) m + 3; m ) 3) was synthesized. The shorter spacers were chosen to remove the symmetry in the aliphatic part by placing the amide groups off-center. The choice of spacers also dictates the directionality of the H-bonding array (Figure 1d ).
Modeling indicated that the minimum-energy conformation for 3 obeyed all the criteria (vide supra). As can be seen in Figure 1d , the all-trans conformation is similar to that of compound 2. Although this is a smaller molecule (less methylene groups), and can therefore not a priori be compared to compounds 1 and 2, folding of 3 is again favorable with respect to extended conformations. This compound formed much more stable and well-ordered monolayers with a head-to-head type interaction (Figure 2g ). Here the amide groups appear dark, which suggests that the in-plane orientation of the H-bonding site is different from the other derivatives. The line profile analysis clearly indicates that every molecule adopts the folded conformation on the surface as illustrated with a model (superimposed on the image in Figure 2g ; two alkyl chains per catechol group).
In conclusion, we successfully designed a 2D turn element for oligo-amide sequences. The length of the spacers between the catechol and amide moieties plays an important role in the folding process. As forecasted by the calculations, derivatives obeying the rule n ) m + 1 or n ) m + 3 give folded structures upon adsorption at the liquid/solid interface. These results constitute a promising approach toward surface patterning and extension of the concept toward derivatives incorporating multiple turns is underway. 
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